We perform an analysis of the b → cτ ν data, including R(D ( * ) ), R(J/ψ), P τ (D * ) and F D * L , within and beyond the Standard Model (SM). We fit the B → D ( * ) hadronic form factors in the HQET parametrization to the lattice and the light-cone sum rule (LCSR) results, applying the unitarity bounds derived in the analysis. We then investigate the model-independent and the leptoquark model explanations of the b → cτ ν anomalies. Specifically, we consider the one-operator, the two-operator new physics (NP) scenarios and the NP models with a single leptoquark which can address the b → cτ ν anomalies. We also give predictions for various observables including R(D ( * ) ) in the SM and the NP scenarios/leptoquark models based on the present form factor study and the analysis of NP.
Introduction
In recent years several discrepancies between the measurements and the Standard Model (SM) predictions have been observed in the bottom sector, particularly the R(D ( * ) ) anomalies in the charged current transition b → cτ ν and the R K ( * ) anomalies in the neutral current transition b → sl + l − (l = e, µ), which both hint the violation of lepton flavour universality (LFU) 1 . In view of no existing clear signal of NP from direct searches at the Large Hadron Collider (LHC) and other high energy facilities, these implications of NP at low energy have become quite valuable. Furthermore, these LFU ratios are constructed to be theoretically clean, which means the relevant hadronic uncertainties tend to be cancelled, therefore it is not surprising that they have attracted widespread attention in the high energy physics community. However, the "full" cancellation of uncertainties due to hadronic matrix elements is only true for R K ( * ) but not for the case of R(D ( * ) ) which is defined as In Eq. (1.1), the mass differences between the tauon and the muon/electron lead to the difference in phase spaces between the semi-tauonic and the semi-leptonic decay modes, which result in the partial cancellation of the uncertainties due to the B → D ( * ) form factors in the ratios and slight discrepancies in the SM predictions for R(D) and R(D * ), the central values of which respectively vary in the ranges [0.279, 0.324] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and [0.247, 0.272] [4-6, 8, 11, 12, 14-19] in the literature. Given that the most recent Belle measurement of R(D ( * ) ) [20, 21] 2 is consistent with the SM prediction averaged by HFLAV within 1.2σ [27] , the theoretical determination of R(D ( * ) ) in and beyond the SM is still interesting and important.
The existing theoretical estimations of the B → D ( * ) form factors have been mostly performed by using the Caprini-Lellouch-Neubert (CLN) parametrization [28] , the Boyd-Grinstein-Lebed (BGL) parametrization [29, 30] and their variants or updated versions [4, 18, [31] [32] [33] . All these parameterizations are based on the analytic properties of the QCD correlation functions, the dispersion relation and the crossing symmetry, with the difference being that in the CLN(-like) parametrizations the heavy quark symmetry is employed to relate the form factors while in the BGL(-like) parametrizations the B c pole(s) are separated from the analytic parts that are expanded in z and truncated at a certain level. The original CLN (HQET) parametrization has been updated in [4] by including the O(α s , Λ QCD /m b,c ) corrections for all b → c currents, and such a parametrization has been adopted in some recent works [31, 34] to perform global fits.
On the other hand, the deviation between the current world average [27] of the measurements [20, [35] [36] [37] [38] [39] [40] [41] [42] of R(D ( * ) ) and the SM prediction is still at the level of 3σ, therefore it is well worth reexamining the NP explanations of the b → cτ ν anomalies along with the form factor study. To address the R(D ( * ) ) anomalies, NP contributions comparable to the tree-level SM prediction are required, which can be satisfied by three categories of NP models: the leptoquark (LQ) models [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] , the models with a charged vector boson (W models) [53] [54] [55] [56] [57] [58] [59] and the charged Higgs models [11, [60] [61] [62] [63] [64] [65] [66] [67] .
A LQ is a scalar or a vector boson which carries both lepton number and baryon number and interacts with a lepton and a quark directly. Such particles can arise naturally in some unification models, such as the minimal grand unification [SU (5) ] model [68] and the Pati-Salam [SU(4) × SU(2) 2 ] model [69] , etc. Some types of the LQs can form the bcτ ν interaction and thus can explain the charged current B anomalies. Like the W boson in the SM, a W boson which extends the SM gauge sector can also mediate the b → cτ ν transition at the tree level. Such an extra vector boson can appear in models with an enlarged gauge group such as the left-right models [70] . Besides, charged Higgs bosons have also been considered as a candidate to resolve the b → cτ ν puzzle. A charged Higgs can arise in models with an extended scalar sector, such as the two-Higgs-doublet models [71] , or the Georgi-Machacek model [72] etc.
Among these models, the charged Higgs models are ruled out by the bound from B c lifetime [73] , and more stringently from B(B c → τ ν) [74] , while the simplified W models are disfavoured by high-p T experiments [54] . Therefore, the LQ models appear to be the most interesting, especially the vector LQ U 1 with the SM quantum numbers (3, 1, 2
3 ), which is capable of simultaneously addressing R(D ( * ) ) and R K ( * ) [75] . Besides U 1 , the scalar LQs R 2 and S 1 , respectively with the SM charges (3, 2, 7 6 ) and (3, 1, 1 3 ) are the other two single LQ scenarios which can explain the b → cτ ν anomalies.
In this work, we study the b → cτ ν anomalies by paying efforts to both the determination of the B → D ( * ) form factors and the probe of new physics. We perform our fit to recent results calculated in lattice QCD and QCD light-cone sum rules (LCSR) which are valid for complementary q 2 , following the parametrization adopted in [6, 31] , which is based on the HQET parametrization in [4] but include O(ε 2 c ) corrections to the form factors of which the O(ε c ) corrections are vanishing to avoid a too restrictive parametrization. In the fit, we impose the weak and strong unitarity bounds that follow from the analytic properties of QCD correlation functions and the crossing symmetry. Using the fitted B → D ( * ) form factors and taking into account the most recent experimental data, we update the modelindependent analysis of the NP effects in the b → cτ ν transition within the framework of the weak effective theory. In our analysis, we consider all the b → cτ ν data, including not only R(D ( * ) ), but also the ratio R(J/ψ) [76] which deviate from the SM prediction at the level of 2σ [6] , and the longitudinal polarization fractions of τ (P τ (D * )) [39] and D * (F D * L ) [77, 78] . Furthermore, we study the models with a single LQ which can explain the b → cτ ν anomalies, including models with a scalar LQ R 2 , S 1 or a vector LQ U 1 .
The work is organised as follows: we give a brief introduction to the effective Hamilton relevant to the b → clν transition in Section 2 and then present the fit of the B → D ( * ) form factors and the derivation of the unitarity constraints in Section 3. In Section 4 we present the study of the model-independent scenarios of NP and the LQ models, and moreover, we give predictions of various observables for the b → cτ ν transition. Finally in Section 5, we give our summary and conclusions.
Weak effective Hamiltonian
The b → cτ ν transition can be described by the weak effective theory. Without the righthanded neutrinos, the effective Hamiltonian can be written as
where the four-fermion operators O X (X = S 1 , S 2 , V 1 , V 2 , and T ) with different Lorentz and chiral structures form the effective operator basis, and C X are the corresponding Wilson coefficients. The effective operators are defined as
where O V 1 is the only operator present in the SM and the Wilson coefficients of O X get modified by the NP at the higher energy scale. Starting from the effective Hamiltonian given in Eq. (2.1), the observables involved in this work, i.e., R(D ( * ) ), R(J/ψ), P τ (D * ) and F D * L can be computed and expressed in terms of C X , which of course require the information of the hadronic matrix elements. For the B c → J/ψ channel, we use the form factors calculated in the covariant light-front quark model [79] , which have been shown in [6] the consistency with the preliminary lattice QCD results [80, 81] . Regarding the B → D ( * ) form factors, we perform a new determination in the next section.
B → D ( * ) form factors
Most of the recent determinations of the B → D ( * ) form factors are based on the HQET parametrizations (including the CLN parametrization [28] and the more recent versions [4, 31] ), and the BGL [29, 30] (and the BCL [32] ) parametrizations. The main difference between these two classes of parametrizations is that for the latters the heavy quark symmetry is not employed. Such kind of parametrizations leave the form factors maximally model-independent but on the other hand their validity also rely more on the input parameters. In this work, we follow the parametrization proposed in [31] , which include in HQET parametrization the next-to-leading order contributions in α s and Λ QCD /m b,c , and the O(ε 2 c ) corrections to the form factors which do not have Λ QCD /m b,c corrections in order to avoid a too restrictive parametrization. To obtain reliable predictions for the B → D ( * ) form factors, we consider the data points calculated in the QCD-based approaches including lattice QCD and QCD light-cone sum rules. These two methods provide us information on the B → D ( * ) form factors in complementary kinematical regions and thus can be used to determine the form factors in the full q 2 region. Furthermore, following the analytic properties of the QCD correlation functions and the crossing symmetry, the B → D ( * ) form factors should fulfill the weak and the strong unitarity constraints, which have been considered in some existing works [3, 16, 31, 82] . To obtain the strong unitarity constraints, the heavy quark symmetry relations (including the effects due to the higher-order terms in Λ QCD /m b,c ) between the B ( * ) → D ( * ) form factors (or helicity amplitudes) corresponding to the same quantum number should be used. In this work, we employ the bound determined in the present work instead of using the existing results in the literature.
Fit with the HQET parametrization
To illustrate the typical structure of the parametrization we adopt for the B → D ( * ) form factors of different currents, we write explicitly the B → D hadronic matrix element of the vector currentcγ µ b and the relevant form factors h + (w) and h − (w) 3 :
where HQET allows us to express the B → D ( * ) form factors in terms of a single leading Isgur-Wise function ξ(w) in the heavy quark limit, which is normalized to 1 at the zero hadronic recoil. As in [31] , the extrapolation of ξ(w) is kept up to the O(z 2 ) corrections in the z expansion, i.e., ξ(z) = 1 − 8ρ 2 z + (64c − 16ρ 2 )z 2 is used with ρ 2 and c to be determined in the fit, and z(w) = (
is the conformal mapping of the q 2 plane to a unit disk. [6] ) contributions in the heavy quark expansion are represented by the functionsL 1...6 that can be expressed in terms of the sub-leading Isgur-Wise functionsχ 2 (w), χ 3 (w) and η(w), which can be expanded at w = 1 and give us 5 fitting parameters 4 [4] do not involve any free parameters. Therefore altogether there are 10 parameters to be fitted.
In the fit, we use data points calculated in lattice QCD and QCD light-cone sum rules, which are valid in complementary kinematical regions. For the B → D form factors, the HPQCD and the Fermilab/MILC Collaborations have performed unquenched lattice QCD calculations. HPQCD has provided z-expansion in the BCL parametrization, for which the expansion coefficients and the corresponding covariance matrices are given [83] . Fermilab/MILC has given results of f + (w) and f 0 (w) at w = 1, 1.08 and 1.16 along with the correlations in [84] . Moreover, the FLAG Collaboration has performed a combined fit of the B → D * form factors using the BCL parametrization, which we do not take in this work but instead use the original results obtained by HPQCD and Fermilab/MILC 5 . For the B → D * transition, we take the result F B→D * (1) = h A 1 (1) = 0.895(10) stat (24) sys obtained in [85] , which is the average value of the results at the zero hadronic recoil calculated by Fermilab/MILC [86] and HPQCD [85] 6 .
QCD light-cone sum rule is another QCD-based approach to estimate the B → D ( * ) form factors. The starting point of LCSR is the meson-to-vacuum two-point correlation function. The dispersion relation allows to match the QCD representation to the phenomenological representation of the correlation function via the quark-hadron duality. At the QCD side, the correlation function is expanded near the light-cone x 2 = 0 in terms of the meson distribution amplitudes (DAs) that encode the non-perturbative QCD effects. Since the light-cone dominance of the correlation function is satisfied for small momentum transfer q 2 , LCSR is a valuable method to compute the form factors in the large hadronic recoil region. In our analysis, we use the LCSR results calculated using the B meson DAs in [90] up to leading order (LO) in the α s and the light-cone expansion, [7] up to nextto-leading order in the α s expansion and [91] up to twist-4 two-particle and three-particle contributions in the light-cone expansion. In our fit, We take the B → D form factors in [7] and [91] and the B → D ( * ) form factors in [90] and [91] at the maximal hadronic recoil. In addition we extrapolate the results in [7, 90] to w = 1.4 and 1.3 using the slope parameters given there in order to constrain the shapes of the form factors in the large hadronic recoil region.
Weak unitarity bound
As mentioned in the previous sections, the B → D ( * ) form factors should fulfill the modelindependent unitarity bounds following the analytic properties of the QCD correlators and the crossing symmetry. To introduce the unitarity bounds, we still write the hadronic matrix elements for the B → D transition as in (3.1), but in the general form
The form factors f +,0 can be parameterized as 
with j = 3 for f + and j = 2 for f 0 , and z P defined as:
, and m p refer to the masses of the B c narrow resonances which are collected in [3] . The outer functions corresponding to different form factors are given in [30] . The core element for deriving the unitarity constraints is the two-point QCD correlation function of local composite operators. For the vector current J µ =cγ µ b, the two-point correlation function can be written as
where the invariants Π T (q 2 ) and Π L (q 2 ) correspond to J P = 1 − and 0 + respectively, which satisfy the standard dispersion relation
Practically, one or more subtractions are necessary to make the dispersion integral finite [30] . Inserting a set of two-body intermediate states into the correlation function (3.7) and using the relation Eq. (3.8) and the crossing symmetry, one obtains the inequality with form factor expressed by F (t) [30] 1
are the subtracted invariant functions, P +,0 (t) are the Blaschke factors, and the outer functions φ are embedded in φ(t, t − ). χ T,L (q 2 ) can be calculated perturbatively using the operator product expansion (OPE), and in this work we use the results in [3] , which include the O(α 2 s ) corrections calculated in [92] and neglect the small contribution from the condensate terms. In Eq. (3.9), the hadronic representation of the dispersion integral is less than the subtracted invariant correlator because the inserted hadronic states are only a partial set of the states coupled to the employed interpolating current. Substituting (3.5) into (3.9), one obtains the (weak) unitarity bounds on the coefficients a n(f + ,f 0 ) . Such bounds read 7 ∞ n=0 a 2 n(i) < 1.
(3.10)
Strong unitarity bound
The weak bounds Eq. Table 1 . Here we adopt the notations in [30] for the helicity amplitudes and their definitions can also be found therein. Table 1 . Vector helicity amplitudes in notations of [30] .
Analogous to Eq. (3.5), these helicity amplitudes can also be parameterized as [3, 30] F
where F i are respectively F 1 = f + , F 2 = g ..., and F 7 = V 00 , and f i can be expressed in terms of the corresponding Blaschke factors and outer functions as
, ...
.
Substituting Eq. (3.12) and (3.11) into Eq.(3.9) one obtains a stronger constraint
Furthermore, using the heavy quark relations between the form factors, a n and b in can be related through
which allows to express the strong unitarity bound in terms of only a n .
The derivation of the strong bound requires the HQET relations between form factors in Eq. (3.14) . By taking the HQET relations derived by considering the weak bounds for the 1 − /0 + channels, we obtain the following strong unitarity bound 2507.12a 2 0 − 965.74a 0 a 1 + 135.90a 2 1 − 352.28a 0 a 2 + 76.07a 1 a 2 + 16.63a 2 2 ≤ 1. Imposing the unitarity bounds in the fit of the HQET parametrization to the data points obtained in lattice QCD and LCSR in complementary kinematical regions, we obtain the parameters for the B → D ( * ) form factors in Table 2 with χ 2 /d.o.f = 15.23/16. Using the fitted form factors, we obtain the SM predictions for R(D ( * ) ): Table 2 . Fitted values of the parameters in the B → D ( * ) form factors. 
Numerical analysis for NP
In this section, we investigate the NP solutions to the b → cτ ν anomalies by using the B → D ( * ) form factors determined in the previous section. In our analysis, we take into account the results on R(D ( * ) ) reported by BaBar, Belle and LHCb, R(J/ψ) by LHCb, and the longitudinal polarization fractions P τ (D * ) and F D * L by Belle. All the data and references are collected in Table 3 . Besides, we also take into account the bound B(B c → τ ν) < 10% from LEP1 data [74] which is more stringent than that from B c lifetime [73] . In the next subsections, we give analyses of these data and bounds for both the model-independent NP scenarios and the LQ models. 
Model-independent scenarios
Effective field theory (EFT) is a useful tool to deal with NP. It allows to perform global fits to Wilson coefficients of the effective operators without knowing the specific type of new physics at the high energy scale. Such a means of studying NP is model-independent. In our fits, we define the χ 2 as follows
(4.1)
As introduced in Section 2, the effective operators which can induce the B → D ( * ) τ ν decay are
O V 2 can be generated minimally at dimension-8 in the Standard Model Effective Field Theory (SMEFT), while the other four operators can be generated at dimension-6 8 . Thus it means if new physics appear at a high scale Λ and the new physics couplings are weak, the Wilson coefficients are naturally expected as
Assuming new physics induces a single operator with a complex Wilson coefficient or two operators with real Wilson coefficients, we perform global χ 2 fits to the data in Table 3 . The results for all scenarios with and without imposing B(B c → τ ν) < 10% are listed in Table 9 . Besides, to supplement the global fits, we also give plots which show regions of the Wilson coefficients allowed by different measurements within 2σ in Figure 1and For single-operator scenarios, we observe that the pure scalar scenarios S 1 and S 2 are already excluded at 2σ given the χ 2 is greater than 19.7 which is the 95% C.L. excluded limit for d.o.f = 11, while the other three types are still allowed. The S 1 scenario is excluded mainly because it cannot explain R D and R D * anomalies simultaneously, as shown in Figure 1 . Being different from the S 1 scenario, the S 2 scenario is excluded because of the constraint B(B c → τ ν) < 10%. The results of the scalar scenarios still disfavour the charged Higgs models as found previously [6, 93] . For the T scenario, we have χ 2 min < 19.7 which means it is not excluded at 95% C.L.. But this scenario has a relatively large χ 2 compared with other favoured scenarios because it only accommodates small F D * L . In Figure 1 , one can see that the 2σ allowed region by F D * L of the T scenario is small. The vector scenarios V 1 and V 2 are both favoured by current data at 95% C.L., and it is notable that the globalfit result implies large CP-violation phase for the V 2 scenario,. In general, the situation for different one-operator NP scenarios is more or less similar to a previous study in [6] without the most recent measurements of F D * L and R(D ( * ) ) by Belle, and with the major notable difference being that F D * L poses a relatively strong constraint on the T scenario. Assuming new physics induces simultaneously two operators with real Wilson coefficients, we also perform the global fits and the results are also listed in Table 9 . The (S 1 , S 2 ) scenario is excluded at 95% C.L., due to the constraint B(B c → τ ν) < 10% 9 . Apart from this scenario, all the other nine scenarios have χ 2 min (12 − 14), which means all of them can explain the experimental data well assuming real coefficients. As shown in Figures 4 and 5 in Appendix A, the best-fit points correspond to the parameter regions which can explain all experiments within 2σ. Each of the nine scenarios has at least one natural best-fit point with a small Wilson coefficient. We also note that the scenarios including O V 1 contain more than one best-fit point. For pure vector combination (V 1 , V 2 ) scenario, there are totally four best-fit points. Among the four points, (0.082 (21) , −0.021 (31) ) is natural with small Wilson coefficients, while the other three points (−0.979(31), −1.082(21)), (−1.021(31), 1.082(21)), and (−2.082(21), −0.021(31)) have C V i ∼ O(1), which are unnatural because the SM contribution is either cancelled or flipped its sign. For each of the other three scenarios (V 1 , S 1 ), (V 1 , S 2 ), and (V 1 , T ), there are two corresponding best-fit points. In each scenario including O V 1 , there is an unnatural best-fit point which has 1 + C V 1 ∼ −1, with the sign of the SM contribution flipped. In the (S 2 , T ) scenario, the global minimal χ 2 point is disfavoured by the limit on B c → τ ν decay, but there is another local best-fit solution which satisfies the constraint B(B c → τ ν) < 10%. Furthermore, we give the predictions in Table 6 and Table 7 for various observables in the allowed model-independent scenarios. Each of these scenarios can explain the data of R(D ( * ) ) well, but the polarization and angular observables P τ (D), P τ (D * ), F D * L , A FB (D), and A FB (D * ) will be useful to distinguish different scenarios at ongoing or future experiments like Belle II. Among those quantities, P τ (D * ) and F D * L have already been measured at Belle [39, 77, 78] as listed in Table 3 , while P τ (D) and A FB have not been measured. In most scenarios, the predictions for P τ (D) are close to that in the SM. But in the scenarios (V 2 , S 1 ), (V 2 , S 2 ), (S 1 , T ), and (S 2 , T ), we predict larger P τ (D). Similarly, in most scenarios, the predictions on P τ (D * ) are also close to the SM prediction, but T , (V 2 , S 1 ), 
, (S 1 , T ) scenarios predict larger P τ (D * ) than the SM, while (V 2 , S 2 ) scenario predicts smaller P τ (D * ). Precision measurements on τ polarization will be helpful to distinguish among different scenarios. For the D * polarization, predictions by the SM and most scenarios are close to 0.47, but in (V 2 , T ) and (S 2 , T ) scenarios the predictions are smaller, while in (V 2 , S 1 ) scenario it is bigger; the pure tensor scenario also predicts small F D * L but with large uncertainty. In all scenarios, we cannot predict a F D * L larger than 0.5, because the scalar contributions are suppressed by the B c → τ ν decay constraint. In the SM and most NP scenarios, A FB (D) is predicted to be close to 0.36, except that in the last five scenarios in Table 7 without O V 1 , smaller A FB (D)( 0.33) are predicted. Therefore the measurement of A FB (D) at future experiments may be useful to distinguish between these two classes of NP scenarios. The SM and most of the new physics scenarios predict A FB (D * ) −0.06, while other scenarios predict A FB (D * ) closer to zero. The most special solutions are two of the (V 1 , V 2 ) solutions, corresponding to which the SM contributions are almost canceled by the NP contributions and the V 2 contributions dominate the b → cτ ν decay. Such solutions predict A FB (D * ) = 0.319 (11) which is significantly larger than all other cases. It can be easily distinguished from other cases in experiments. Table 6 . Predictions for R(D), R(D * ), P τ (D) and P τ (D * ) by the SM and the model-independent NP scenarios. The first and second uncertainties are respectively due to the input parameters and the fitted Wilson coefficients.
0.351(10)(10) 0.294 (7) 0.469(5)(3) 0.360(1)(0) 0.319(7)(9)/-0.050(7)(10) (V 1 , S 1 ) 0.464(5)(5) 0.364(1)(7) -0.062(7)(9) (V 1 , S 2 ) 0.471(5)(5) 0.364(1)(6) -0.052(7)(7) (V 1 , T ) 0.464(5)(6) 0.354(1)(9) -0.044(7)(22) (V 2 , S 1 ) 0.490(5)(4) 0.328(2)(8) -0.005(5)(9) (V 2 , S 2 ) 0.463(5)(3) 0.322(2)(10) -0.037(7)(9) (V 2 , T ) 0.432(6)(12) 0.324(2)(8) -0.002(11)(9) (S 1 , T ) 0.461(5)(7) 0.325(2)(8) -0.001(7)(9) (S 2 , T ) 0.445(5)(3) 0.323(2)(9) -0.017(8)(11)
Leptoquark models
If we do not discuss the exact ultraviolet (UV) completions and consider only the standard model fermions (without right-handed neutrinos), there can be ten types of LQs [44, 94, 95] , three of which, namely R 2 , S 1 , and U 1 LQs with quantum numbers listed in Table 8 are possible explanations of the b → cτ ν anomalies [43, 44, 46, 47] . The corresponding 
interactions are then [46, 47] 
where f c denotes the charged conjugation of a fermion f , and X(Y ) Q are the are vector (scalar) LQs with the electric charge Q. Integrating out the heavy LQ at the scale m LQ , the Wilson coefficients are obtained [47] :
(4.7)
Following the notations in [47] , we denote
We choose m LQ = 1.5 TeV as the benchmark in our numerical analysis, since such a mass for LQ is still allowed at the LHC [94] . After performing the three-loop QCD and one-loop EW running, the coefficients at the low scale m b are then [47, 96]   
(4.10)
For R 2 LQ model, we allow the single coupling to be complex, while for S 1 and U 1 LQ models, we fix the couplings y S 1 LL(LR) and x U 1 LL(LR) to be real. We find χ 2 min ≈ 13 for both S 1 and U 1 models, and the best-fit points without imposing the constraint from the B c → τ ν decay automatically satisfies B(B c → τ ν) < 10% as shown in Table 9 , Table 10 and Figure 2 . Both models can generate the operator O V 1 , and in each model, similar to the model-independent scenarios involving O V 1 , there is another best-fit point with 1 + C V 1 ∼ −1 , which is unnatural. For R 2 LQ model, the best-fit result doesn't accommodate B(B c → τ ν) < 10% unless the constraint is directly imposed, and we obtain χ 2 min ≈ 16.4 which is still allowed. We show the 68% C.L. (green) and 95% C.L. (yellow) allowed regions of the LQ couplings for these three models in Figure 3 . Table 9 . Best-fit values of the Wilson coefficients (with inclusion of F D * L and the most recent measurement of R(D ( * ) ) by Belle) in leptoquark models. For m LQ = 1.5 TeV, all these three LQ models with relatively small couplings can explain the anomalies and satisfy other experimental constraints at the same time. For S 1 and U 1 LQs, fits for real couplings are good which means that CP-conserving scenarios are allowed. For R 2 LQ model, the allowed region requires a large imaginary part in the coupling, which implies a large CP-violation phase in this model.
LQ Type
Future measurements are also helpful to distinguish different LQ models, or to exclude them, and we list the predictions in Table 11 and Table 12 . For example, R 2 LQ model predicts R D,D * close to the lower bounds, and it predicts larger P τ (D * ) than the SM. For A F B (D, D * ), the predictions by S 1 and U 1 LQ models are close to the SM cases, but in R 2 LQ model, A F B (D) is predicted to be smaller, and A F B (D * ) closer to zero. Besides these, R 2 LQ model also predicts B(B c → τ ν) 8.9% at 95% C.L., which is close to the current exclusion bound, therefore B(B c → τ ν) is a sensitive quantity to test the R 2 LQ model. If the future estimation decreases the upper limit of B(B c → τ ν) to be less than about 8.9%, the R 2 LQ model can then be excluded; while if a large B(B c → τ ν) is measured, the R 2 LQ model becomes favored.
Summary and conclusions
In this work, we have performed combined analysis of the measurements of the LFU ratios R(D ( * ) ) and R(J/ψ), the longitudinal polarizations P τ (D * ) and F D * L , and the branching x LR U 1 Figure 3 . Allowed regions for LQ couplings in R 2 , S 1 , and U 1 LQ models (from left to right). The green regions are allowed at 68% C.L. and the yellow regions are allowed at 95% C.L. In the light blue regions, B(B c → τ ν) ≤ 0.1, and the dashed lines are the boundaries of such regions. We ignore the unnatural best-fit points with large couplings (or Wilson coefficients). Table 11 . Predictions for R(D), R(D * ), P τ (D) and P τ (D * ) by the leptoquark models. The first and second uncertainties are respectively due to the input parameters and the best-fit leptoquark couplings. (1)(7) -0.062 (7)(9) ratio of the pure leptonic decay B c → τ ν. We have mainly studied two nontrivial aspects: the determination of the hadronic form factors and the new physics analysis.
LQ type
For the B → D ( * ) form factors, we have fitted the parameters in the HQET parametrization including the O(α s , Λ QCD /m b,c ) corrections and part of O(ε 2 c ) corrections. In the fit, we have taken into account the most recent theoretical results calculated using complementary QCD-based methods, lattice QCD and QCD light-cone sum rules, and we have also imposed weak and strong unitarity bounds that follow from the analytic properties of the QCD correlator, the quark-hadron duality and the crossing symmetry. We have obtained the optimal values for the parameters in the HQET parametrization with χ 2 /d.o.f = 0.95. Using these parameters, we have obtained the SM predictions for R(D ( * ) ) as well as other polarized and angular observables. Our results suggest a lower R(D * ) with respect to the usual values, and show a deviation from the HFLAV averages of R(D ( * ) ) by 3.3σ.
We have also used the fitted form factors in the new physics study of the b → cτ ν anomalies, including the model-independent analysis and the study of LQ models. In the model-independent analysis, we have considered one-operator scenarios with complex Wilson coefficients and two-operator scenarios with real Wilson coefficients. We have found that the global fits for all scenarios give χ 2 min /d.o.f ≈ 13/11 which are allowed within 95% C.L., except the pure scalar scenarios S 1 , S 2 and (S 1 ,S 2 ) (even with complex Wilson coefficients). These scalar scenarios give unacceptably large χ 2 therefore the NP models that generate only scalar operators are ruled out, such as the charged Higgs models.
We have also studied three types of LQ models, namely R 2 , S 1 and U 1 LQ models, which have been considered as possible explanations of the charged-current B anomalies in existing literatures. Our analysis has shown that these LQ models are still able to accommodate the current data, but the R 2 LQ model is already severely constrained by the limit on B(B c → τ ν). Future measurements of this observable will be very useful for testing the R 2 LQ model.
Using the best-fit Wilson coefficients, we have predicted various observables for the allowed NP scenarios and the LQ models. In addition to the observables considered in the global fits, we have also made predictions for the τ polarization P τ (D) and the forwardbackward asymmetries A F B (D) and A F B (D * ). Among these observables, the τ polarizations P τ (D ( * ) ) have been found to be useful for separating the one-operator scenarios from the two-operator ones, and A F B (D ( * ) ) could help further distinguish among the scenarios. In contrast, the D * longitudinal polarization has been found to be of little help in differentiating the NP scenarios because most scenarios give predictions close to the SM one. Moreover, all scenarios predict that F D * L is lower than 0.5, and therefore lower than the central value of the measurement. Similarly, P τ (D ( * ) ) and A F B (D ( * ) ) are useful for distinguishing among R 2 , S 1 and U 1 LQ models but F D * L are close to the SM prediction in all these LQ models. Future precision measurements of these observables at Belle II/LHCb [97, 98] will further help investigate NP effects in the b → cτ ν transition. 
